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In this  study,  the  inﬂuence  of  CeO2, Nd2O3, Sm2O3 and  Gd2O3 on  various  properties  of  the melt-quench
route derived  SrO–CaO–ZnO–B2O3–SiO2 glass  have  been  investigated.  Both  the  precursor  glasses  and  heat
treated  glasses  are  characterized  by  dilatometry,  differential  scanning  calorimetry  (DSC),  X-ray  diffraction
(XRD),  ﬁeld  emission  scanning  electron  microscopy  (FESEM),  Fourier  transformed  infrared  spectroscopy
(FTIR)  and  X-ray  photoelectron  spectroscopy  (XPS).  The  density  and  coefﬁcient  of thermal  expansion
of  the glasses  varies  in  the  range  3.557–3.804  g cm−3 and  10.5–11.2  ×  10−6 K−1 (50–800 ◦C)  respectively.
Decrease  in crystallization  tendency  with  increase  in cationic  ﬁeld  strength  of the ions  is well  supported
by  the  increasing  crystallization  activation  energy  of  the glasses  calculated  by  Kissinger,  Augis–Bennett
and  Ozawa  models.  XPS  study  revealed  the  presence  of  both  Ce3+ and  Ce4+ ions  and  an  increase  in  char-
acteristic  binding  energy  of the  respective  rare  earth  elements  from  their  core  level  studies.  The  Knoopare earth oxide
PS
hardness  of  the glasses  varies  in the  range  6.03–6.28  GPa.  The  glass  transition,  glass  softening  and  crystal-
lization  temperature;  density  and  hardness  of the  glasses  increased  with  increase  in  cationic  ﬁeld  strength
of  the  incorporated  ions.  The  thermomechanical  properties  of  the Gd2O3 containing  glass  advocate  its
applicability  as  the  most  promising  sealant  in solid  oxide  fuel cell.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
The solid oxide fuel cell (SOFC), a source of renewable energy has
een studied actively and extensively all over the globe in order
o address the energy crisis in the upcoming centuries. Hermitic
ealing is the most prior requirement for ensuring the efﬁciency
nd durability of the planar SOFC (pSOFC), which proclaims superi-
rity over its tubular counterpart due to its high power density
nd easy fabrication [1]. Continuous and signiﬁcant worldwide
esearch on reliable sealant for pSOFC, during the last decades has
oncluded glass/glass-ceramic as the promising material for this
pplication [2–5]. Glasses are inexpensive, relatively easy to incor-
orate into standard manufacturing processes and their properties
an be tailored for speciﬁc applications [6]. Among the vari-
us types of glass/glass-ceramic sealants alkali free alkaline-earth
orosilicate glasses of the SrO–CaO–ZnO–Al2O3–TiO2–B2O3–SiO2∗ Corresponding author. Tel.: +91 33 24733469; fax: +91 33 24730957.
E-mail address: basudebk@cgcri.res.in (B. Karmakar).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.11.002
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producglass system are studied extensively in terms of their thermal
and mechanical stability, chemical compatibility and crystalliza-
tion kinetics for SOFC application by different research groups
[7–11].
Rare earth containing glasses have attracted a great deal of inter-
est due to their macroscopical properties such as high mechanical
resistance, chemical stability and heat-resistance [12]. The rare
earth ions can participate in the overall bonding of the glass to
tailor the desired properties since their structural roles in the glass
structure are related to their size and coordination number [13].
It is well known that lanthanum oxide controls the viscosity (ﬂow
ability) and coefﬁcient of thermal expansion (CTE) of the glasses
[14]. The control on viscosity helps the sealant to maintain nec-
essary ﬂuidity after softening as well as the required mechanical
rigidity after ceramization. In addition to these, minimized CTE mis-
match of the glass ceramic sealant with the fuel cell components
leads to long term stability and thermal cyclability of the stack.
The oxidation kinetics of Cr diffusion of the Crofer22APU intercon-
nect material used in SOFC can be reduced by modifying the glass
composition adding oxides of reactive elements, like La, Ce and Y.
Further it is also reported that rare earth elements are also added to
optimize the alloying elements of interconnects to get the desired
tion and hosting by Elsevier B.V. All rights reserved.
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xide coating which is responsible for electron conduction capacity
f the materials [15].
Kansal et al. has investigated the inﬂuence of different rare earth
xides (La, Nd, Gd and Yb) on the structure and crystallization
ehavior of diopside based glasses [16]. Angeli et al. has studied the
ffect of lanthanum in the borosilicate glass structure and its inter-
ctions with lower ﬁeld strength cation, calcium. They found no
lustering of lanthanum atoms and they are uniformly distributed
n the glass structure, surrounded by about 6 non-bridging oxy-
en atoms and mixed with calcium atoms to the detriment of the
umber of BO4 groups [17]. Wang et al. has studied the effects of
a2O3 and CeO2 addition on the crystallization and transparency
f glass-ceramics prepared via heat treatment of glass from the
gO–Al2O3–SiO2 system [18]. Reddy et al. has studied the thermal
tability of rare earth (La, Nd, Gd, Yb) containing glass and glass-
eramics of the system CaO–MgO–SrO–Al2O3–SiO2–B2O3 for their
pplication as sealants in SOFCs [19].
In view of the role played by rare earth oxides in tailoring the
rucial properties like viscosity, thermal expansion, adhesion and
ow for SOFC sealing application a range of rare earth (Ce, Nd,
m and Gd) containing alkaline-earth borosilicate glasses of the
rO–CaO–ZnO–B2O3–SiO2 (SCZBS) system have been synthesized
s potential materials for sealing applications in SOFC. In our pre-
ious study the SCZBS glass with 4 mol% of lanthanum oxide was
ound to be suitable for SOFC application [20]. Therefore in order to
nd out the effect on their properties, SCZBS glasses incorporated
ith 4 mol% of Ce, Nd, Sm and Gd oxide have been investigated in
erms of their thermal, mechanical, structural and microstructural
roperties. However this kind of study on the SCZBS glass system
as not been reported yet.
. Experimental procedure
.1. Preparation of precursor glass
Glasses having composition 23SrO–23CaO–5ZnO–5B2O3–40SiO2
4MxOy (mol%), where, M = Ce, Nd, Sm and Gd were prepared
ollowing the conventional melt-quench technique. 60 g homoge-
eous batch mixture of pure raw materials of CaCO3 (98%, Extra
ure; Loba Chemie, Mumbai, India), SrCO3 (99%, Extra pure; Loba
hemie, Mumbai, India), ZnO (GR, 99%; Loba Chemie, Mumbai,
ndia), H3BO3 (GR, 99.5%; Loba Chemie, Mumbai, India), SiO2
99.8%; Sipur A1 Bremtheler Quartzitwerk, Usingen, Germany),
eO2 (99.99%, IREL, India), Nd2O3 (99.99%, IREL, India), Sm2O3
99.99%, IREL, India) and Gd2O3 (99.9%, IREL, India) were melted in
 60 ml  platinum crucible at 1500 ◦C for 2 h in air with intermittent
tirring. The molten glasses were quenched on a preheated iron
late. The obtained bulk glasses were immediately annealed at
00 ◦C for 2 h. Cylindrical samples (ϕ = 6 mm,  L = 25 mm)  were
repared from these glasses for dilatometric experiment. The
emaining glasses were heat treated at 880 ◦C for 2 h.
.2. Characterization
Differential scanning calorimetry (DSC) of the glass powder
≈31 mg)  was carried out in nitrogen atmosphere from room tem-
erature to 1100 ◦C at the rate of 10 ◦C/min with the help of an
nstrument (LABSYS evo; Setaram, Caluire, France). The glass tran-
ition temperature (Tg) and crystallization peak temperature (Tc)
ere determined from the DSC thermograms. To study the crystal-
ization kinetics, the glass powder was heated at variable heating
ates of 5, 10, 15 and 20 ◦C/min.
The glass transition temperature (Tg), dilatometric softening
emperature (Td) of cylindrical sample (ϕ = 6 mm,  L = 25 mm)  were
etermined using a horizontal loading dilatometer (Model DIL 402amic Societies 4 (2016) 29–38
PC; NETZSCH-Gerätebau GmbH, Selb, Germany). The CTE of both
the glass and heat treated glasses were measured with the help of
this instrument.
Archimedes’ method was employed to measure the apparent
density of the precursor glasses using double distilled water as the
immersion liquid for the measurements. The refractive indices of
all the precursor glasses were measured using Metricon 2010/M
prism coupler equipped with diode laser sources of ﬁve different
wavelengths 473 nm,  532 nm,  632.8 nm,  1064 nm,  and 1552 nm.  In
this study the value of refractive index at 632.8 nm is mentioned
only.
The X-ray diffraction (XRD) of the glass and heat treated glasses
were investigated using a XPERT-PRO MPD  diffractometer (PAN-
alytical, Almelo, Netherlands). The source of X-ray used was Ni
ﬁltered CuK (——= 1.5406 A˚) irradiated at 40 kV and 40 mA· The
scan range was 5◦–90◦ with a step size of 0.05◦.
Microstructural studies of the heat treated glasses were done
using a ﬁeld emission scanning electron microscope (FESEM)
(Model Zeiss Sigma, Carl Zeiss Microimaging GmbH, Berlin,
Germany). For this purpose the ﬁnely polished samples were etched
with 2 vol% HF aqueous solution for 10 min.
The infrared transmittance spectra of glass and heat treated
glasses were recorded in the wave number range 400–1400 cm−1
with the help of Fourier transformed infrared spectrometer (FTIR)
(Model 1615 Series; Perkin-Elmer Corporation, Norwalk, CT, USA).
For this purpose pellets were prepared by mixing the sample pow-
der with KBr in 1:300 ratios.
The X-ray photoelectron spectroscopy (XPS) analysis of all
the glasses was carried out by using a PHI 5000Versa Probe
II X-ray photoelectron spectrometer with monochromatic Al K
(1486.6 eV) line radiation. XPS spectra of Ce, Nd, Sm 3d and Gd
4d core levels along with the survey spectra of all the glasses were
acquired with the help of this spectrometer.
The Knoop hardness of the glass and heat treated glasses were
determined using (Clemex CMT, Longueuil, Canada) instrument
equipped with a pyramid shaped indenter. Average of 10 inden-
tations was taken for all the samples applying 50 gf loads for 10 s.
The diagonals of the different indents were measured using the
optical microscope attached with the instrument and consequently
the hardness values were calculated using the standard Eq. (1) for
the Knoop geometry,
HK = 1.8544
(
P
CpL2
)
(1)
where HK is the Knoop hardness in kg/mm2; P is the normal load
in kg; L is length of indentation along the long axis and CP is the
correction factor related to the shape of the indenter (=0.070279).
3. Results and discussion
For all the investigated compositions, melting at 1500 ◦C for 2 h
was adequate to obtain bubble-free transparent glasses. Absence of
any crystalline inclusions in the as prepared and annealed glasses
was conﬁrmed by XRD. The compositions of the four investigated
glasses are given in Table 1.
3.1. Thermal properties of glass
The thermal properties of the glasses, obtained from DSC and
dilatometry are listed in Table 2. The DSC thermograms shown in
Fig. 1, feature well deﬁned single exothermic crystallization curves.
The existence of a single crystallization exotherm signiﬁes that
either the glass-ceramic formed as a result of crystallization is
monomineral or different crystalline phases appear from the glass
matrix almost simultaneously and the crystallization curve is the
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Table  1
Chemical composition of the investigated glasses.
Glass identity Composition (mol%)
SrO CaO ZnO B2O3 SiO2 CeO2 Nd2O3 Sm2O3 Gd2O3
N–Ce 23 23 5 5 40 4 0 0 0
N–Nd  23 23 5 5 40 0 4 0 0
N–Sm 23  23 5 5 40 0 0 4 0
N–Gd 23  23 5 5 40 0 0 0 4
Table 2
Different thermal properties of the investigated glasses.
Glass identity Tg (◦C) Td (◦C) Tc (◦C) CTE (×10−6 K−1) (50–600 ◦C)
N–Ce 668 713 865 10.7
N–Nd 686 727 871 10.7
N–Sm 691 734 874 10.5
N–Gd 697 742 
Tg, glass transition temperature; Td, dilatometric softening temperature; Tc, crystallizatio
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TFig. 1. DSC thermograms of the precursor glasses.
esultant of all these crystalline phases. It is clearly evident that
he crystallization peak temperature Tc shifted to higher temper-
ture with decrease in ionic radii from glass N–Ce to N–Gd. The
ilatometric curves shown in Fig. 2 clearly depict the shifting of
d for N–Gd with respect to N–Ce due to the high cationic ﬁeld
trength of Gd3+ ion than Ce3+. Fig. 3 is showing a monotonous
ncrease in Tg, Td and Tc with decrease in ionic radii for glass N–Ce
o N–Gd. These behaviors reﬂect the effect of reducing ionic radius
f rare earth elements which is accompanied with an increase
n cationic ﬁeld strength that increases the bond strengths [21].
he decrease in coefﬁcient of thermal expansion of the precursor
Fig. 2. Dilatometric thermograms of the precursor glasses.878 10.3
n peak temperature; CTE, coefﬁcient of thermal expansion.
glasses in the temperature range 50–600 ◦C given in Table 2 is also
correlated with the increases in the bond strengths that restrict
the increase in bond length with temperature [22]. But the CTE
of the heat treated glasses increase from 10.5 × 10−6 K−1 for N–Ce
to 11.2 × 10−6 K−1 for N–Gd in the temperature range 50–800 ◦C
which may  be attributed to the formation of crystal phases due
to heat treatment. However the CTE values obtained for the glasses
and heat treated glasses are in the desired range of 9–13 × 10−6 K−1
required for SOFC seal application [23,24]. The changes in proper-
ties observed due to the incorporated rare earth ions are consistent
with those reported elsewhere [13,25,26].
3.2. Density and refractive index
The apparent density of the glasses are calculated using the fol-
lowing Archimedes’ formula,
g = 1 ×
(
wa
wa − ws
)
(2)
where g is the apparent density of the glass, l is the density
of the immersion liquid, wa is the weight of the glass in air and
ws is the weight of the glass in the immersion liquid. The density
of the immersion liquid i.e. the double distilled water is taken as
−31 g cm . The calculated density of the glasses increased from 3.557
to 3.804 g cm−3 for N–Ce to N–Gd. The refractive index (n) of a par-
ticular medium is deﬁned as the ratio of the velocity of light in
Fig. 3. Variation of Tg, Td and Tc as a function of ionic radius of the rare earths added
in  glass.
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tig. 4. Variation of density and refractive index as a function of ionic radius of the
are earths added in glass. Inset picture shows the precursor glasses.
acuum (c) to the velocity of light through the medium (v) and is
iven by the following equation,
 = c
v
(3)
The refractive index (RI) of the glasses measured at 632.8 nm
s found to increase from 1.6655 to 1.6716 for N–Ce to N–Gd. The
ariation of density and refractive index of the glasses with ionic
adii is represented in Fig. 4. The inset ﬁgures are showing the ﬁnely
olished precursor glass samples.
The refractive index of a glass is determined by the interaction
f light with the electrons of the constituent atoms of the glass.
f the networks formed by the primary glass forming oxides con-
ain a large number of empty interstices, it should be possible to
tuff a correspondingly large number of modiﬁer ions into these
nterstices. Such a process would increase the mass of a substance
ithout increasing its bulk volume, resulting in an increase in den-
ity [27]. It is well known that for the rare earth elements with
ncrease in atomic number from cerium (Ce) to gadolinium (Gd)
he ionic radii decreases and the ionic ﬁeld strength increases by
irtue of “lanthanide contraction” [28]. So it is speculated that the
are earth ions have occupied the interstitial places in the glass
etwork and their increase in cationic ﬁeld strength along with the
tomic weight have made the glass network more compact result-
ng an increase in molecular weight of the glass without increasing
he volume. This has lead to a monotonous increase in density of
he glasses from N–Ce to N–Gd. Observing the outermost electronic
onﬁguration of the elements Ce (4f26s2), Nd (4f46s2), Sm (4f66s2)
nd Gd (4f75d16s2) it is evident that with increase in atomic num-
er from 58 to 64 the extra two electrons are added to the 4f orbital
nly. This leads to an increase in electron density of the ions. So with
ncrease in density of the glass network and the electron density of
he ions the velocity of light in the medium decreases and the RI of
he glass increase from N–Ce to N–Gd. Therefore the density and
I of the SCZBS glasses increases due to incorporation of rare earth
ons with reducing ionic radii.
.3. Crystallization study
The XRD pattern of all the heat treated glasses is shown in
ig. 5. The precursor glasses showed a broad halo in their diffrac-
ion pattern (pattern not shown) without any peak, which implies
hat these samples are amorphous in nature. The diffraction peaks
f the precursor glasses heat-treated at 880 ◦C for 2 h are iden-
iﬁed as the peaks of the crystalline phases like Ca2ZnSi2O7,
ydrostonite (JCPDS File:75-0916), Sr2ZnSi2O7, strontium zinc
ilicate (JCPDS File:39-0235) and Zn2SiO4, willemite (JCPDS File:70-
235). Hydrostonite and strontium zinc silicate are crystallized in
etragonal structure whereas willemite is crystallized in hexagonalFig. 5. X-ray patterns of the glasses heat treated at 880 ◦C for 2 h.
structure [29–31]. The decreasing intensity of the diffraction peaks
evident in Fig. 5 indicates decline in crystalline growth rate at
880 ◦C from sample N–Ce to N–Gd. This may  be attributed to the
structural role of the rare earth ions (Ce3+, Nd3+, Sm3+, Gd3+) in
borosilicate glasses which is further determined by their ionic radii
and by their ionic ﬁeld strength. Shelby and Kohli have discussed
that the higher the ionic ﬁeld strength of the rare earth ions the
stronger the rare earth ion and oxygen bond that leads to the higher
glass crystallization temperature [20]. So with increase in the ﬁeld
strength of the ions and hence the bond strength in glass N–Ce to
N–Gd the structural rearrangement required for crystallization is
constrained which is depicted in terms of decreasing diffraction
peak intensity. These results are completely in agreement with
the increasing crystallization peak temperature obtained from DSC
studies. To conﬁrm these ﬁndings further studies were conducted
using FESEM.
It  is well known that the CTE of the glass-ceramic is effectively
controlled by the type (high or low CTE) and percentage of crys-
talline phase. Once the glass becomes glass-ceramics the thermal
stress generated between the residual glassy phase and the crystals
should be managed critically. Otherwise during thermal (cooling)
cycling of the SOFC stack cracks are more likely to develop in the
sealant. However if the evolution of crystal phases occur slowly,
the stress generated can be compensated by the residual glassy
phase and hence chances of cracking can be minimized. Hence
from the above ﬁndings it may  be said that addition of Gd2O3 in
SCZBS glass system will lead to a thermally stable glass sealant for
SOFC.
3.4. Microstructural study
Microstructural studies of all the heat treated glasses have been
done to study the nature of crystal growth and their distribution
in glass matrix. The FESEM photomicrographs of sample N–Ce,
N–Nd, N–Sm and N–Gd are presented in Fig. 6(a)–(d) respectively
under both low and high magniﬁcation. The microstructures reveal
decline in the extent of crystallization from sample N–Ce to N–Gd in
accordance with the X-ray diffraction analysis. The glass matrix of
N–Ce is showing a completely distinct microstructure in compari-
son to the other glasses although all the samples are etched in 2 vol%
of HF aqueous solution for 10 min. There are formation of cracks like
that of the farming land in summer which may  be due to shrinkage
of the glass matrix with heat treatment at 880 ◦C for 2 h. Whereas
this kind of crack formation is not revealed in the photomicrographs
of rest of the samples. Formation of crystals of particulate nature
is clearly evident in the high magniﬁcation photomicrograph of
this glass sample. In the matrix of sample N–Nd very less crystal-
lization has occurred and in sample N–Sm crystallization is going
N. Sasmal et al. / Journal of Asian Ceramic Societies 4 (2016) 29–38 33
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cig. 6. FESEM photomicrographs of heat treated glass samples (a) N–Ce, (b) N–N
agniﬁcation.
o be initiated. Above all, sample N–Gd is showing a microstruc-
ure composed of maximum percentage of residual glassy phase.
ven the high magniﬁcation photomicrograph is clearly showing
he continuous impervious glassy layer. This kind of microstructure
uggests the potential application of the glass N–Gd as a thermally
yclable hermitic sealant in SOFC. Therefore the FESEM analysis also
uggests that with increase in cationic ﬁeld strength of the incor-
orated rare earth ions the extent of crystallization is effectively
onstrained.N–Sm and (d) N–Gd at 880 ◦C for 2 h along with their enlarged view under high
3.5. FTIR study
The room temperature FTIR transmission spectra of all the four
precursor glasses and the heat treated glasses are shown in Fig. 7(a)
and (b) respectively. The spectra of precursor glasses exhibit four
−1absorption bands in the wave number region of 400–600 cm ,
700–750 cm−1, 750–1200 cm−1 and 1200–1300 cm−1. The broad
absorption band observed indicates the general disorder in
the silicate network mainly due to a wide distribution of Qn
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Table 3
FTIR spectral band position and assignment.
Band position Band assignment
492 Bending vibration (b) of O Si O bond or rocking of
Si  O Si linkage of [SiO4] unit
554 and 612 O Si O symmetric stretching vibration of [SiO4] unit
709 B O bending vibration modes of [BO3] units
840  Stretching vibrations of Si O bond with two
non-bridging oxygens (−O Si O−)
923,  984 Symmetric stretching vibration (ss) of terminal NBO
−ig. 7. FTIR spectra of (a) precursor glasses and (b) glasses heat treated at 880 ◦C for
 h.
polymerization in the glass structure, where n denotes the num-
er of bridging oxygens) units occurring in these glasses [32]. The
bsorption bands in the 400–600 cm−1 regions are due to bending
ibrations of Si O Si linkages while the broad bands in the
50–1200 cm−1 region are assigned to the stretching vibrations of
he SiO4 tetrahedron with a different number of bridging oxygen
toms [33,34]. The symmetric and the antisymmetric stretching
odes of the Si O Si bonds of the Qn units are IR active in the
50–1200 cm−1 region. The 750–1200 cm−1 absorption band may
lso contain 4 sub absorption bands: 1060–1105 cm−1 (from the
3 units), 949–1010 cm−1 (from the Q2 units), ∼917 cm−1 (from
he Q1units) and ∼872 cm−1 (from the Q0 units) [22]. For the band
t 1170–1250 cm−1, some reports suggested that this is attributed
o the stretching vibration of B O B linkages in the B2O54− unit,
hereas some other report informed that it is attributed to the
tretching vibration of Q4, because the Q4 groups exhibit additional
eatures in this region [35,36]. For the glasses N–Ce, N–Nd, N–Sm
his absorption band in the region 750–1200 cm−1 is centered at
85 cm−1 whereas for the glass N–Gd it is centered at 990 cm−1
hich indicates the distribution of Q2 units in these glasses. How-
ver shifting of this band to higher frequency from 985 cm−1 to
90 cm−1 in case of glass N–Gd may  be due to the structural changes
ssociated with variation of inter tetrahedral Si O Si bond angles,
ccording to the Central Force Model [37]. It is evident from the
ransmission spectra (Fig. 7(a)) that the peak of the 400–600 cm−1
bsorption band shifts to a higher frequency from 498 cm−1 to
11 cm−1. Thus, there is more difﬁculty in the bending vibration
f Si O Si linkages with an increase in the cationic ﬁeld strength
f the incorporated ions from glass N–Ce to N–Gd. The absorption
and in the 700–750 cm−1 region is attributed to the bendingof Si O units
1081 Asymmetric stretching vibration (as) of Si O Si or
Si O− units
vibration of B O B linkage of various borate segments whereas
the band in the 1200–1300 cm−1 region is assigned to stretching
vibration of B O B linkage associated with the trigonal [BO3] units
[38–40]. On the other hand, the transmission spectra of the heat
treated glasses (Fig. 7(b)) are showing evolution of several peaks in
the above mentioned band regions due to structural arrangements
in the glass network with heat treatment. The corresponding band
assignments to the evolved peaks are given in Table 3. The peak
at 709 cm−1 in the wave number region 700–750 cm−1 is assigned
to B O bending vibration modes of [BO3] units. The high intensity
of this peak in case of N–Ce and N–Nd indicates incorporation of
B O B linkage into the silicate crystalline phase since no borate
crystalline phases have been revealed in the XRD studies. The
peak at 840 cm−1 is assigned to Si O stretching vibration with
two non-bridging oxygens (NBOs) per SiO4 tetrahedron which is
also represented as Q2 [41]. Also the peak at 923 cm−1 is assigned
to O Si O− stretching vibration with two NBOs [42]. It may be
noticed that the intensity of this peak is increasing from sample
N–Gd to N–Ce which implies an increase in the number of NBOs in
the glass matrix. Therefore the incorporated rare earth ions act as
modiﬁer in the glass matrix as described by Volf in reference [43].
However it is clear that with increase in cationic ﬁeld strength
of the ions from Ce3+ to Gd3+ the evolution of peaks due to heat
treatment is not that much pronounced. These results indicate
decreasing structural arrangements in the glass network which
is also reﬂected in the XRD studies. Thus the FTIR study revealed
the presence of the characteristic bond vibrations associated with
the glass formers present in the glass system and based on these
results it is concluded that the thermal treatment have affected
the glass structure which are associated with [SiO4] units mainly.
This inference also supports the predominant formation of silicate
crystalline phases identiﬁed in the X-ray diffraction studies.
3.6. Crystallization kinetic study
The crystallization kinetic study of all the glasses has been
carried out at four different heating rates such as 5, 10, 15 and
20 ◦C/min. It is observed that the crystallization peak temperature
of the glasses shifted to higher values of temperature with increase
in heating rate. The activation energy of crystallization has been
calculated applying the Kissinger, Augis–Bennett and Ozawa mod-
els [44–46]. Chemical reaction rates are most often considered to
be a function of only two  time-dependent variables, temperature T
and chemical conversion x (which varies from 0 to 1 from initiation
to completion). The usual relationship incorporating the Arrhenius
expression is:
dx
dt
= k(T)f (x) = A exp
[ −E
RT(t)
]
f (x) (4)This equation relates the reaction rate dx/dt to three distinct kinetic
parameters: the pre-exponential factor A, the activation energy E,
and the reaction model f(x). As a set, these three parameters are
referred to as the “kinetic triplet”. Determination of the kinetic
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riplet is a common way to establish a mathematical relation-
hip between the reaction rate dx/dt,  the extent of conversion (x),
nd the temperature (or time). The extent of the conversion (x) is
etermined experimentally as a fraction of the overall change in a
hysical quantity that represents the reaction progress as a function
f time t or temperature T. If the reaction process is accompanied
y heat ﬂow, such as measured in a DSC or other heat ﬂow device,
hen the extent of conversion at T or t is given as the ratio of the
mount of evolved (or consumed) heat to the total amount of heat
eleased (or absorbed) in the process.
(i) nth order reaction model
Most existing methods were developed by assuming an nthorder reaction:
dx
dt
= k(1 − x)n (5)
Fig. 8. Crystallization kinetics study by Kissinger, Augis–Bennet and Ozawa models oamic Societies 4 (2016) 29–38 35
where, x = extent of conversion, t = time, and n = order of reac-
tion.
(ii) Kissinger model
Kissinger model is the most commonly used model in ana-
lyzing the activation energy of crystallization. This model
describes the dependence of peak temperature on heating rate
for a crystallization event. To estimate the activation energies
for crystallization, this method has been applied for the anal-
ysis of highest exothermic peaks detected in DSC  curves using
the following equation:
ln
(
˛
T2c
)
= −Ec
RTc
+ constant (6)where ˛, Ec, Tc and R are the heating rate, crystallization activa-
tion energy, peak temperature of crystallization exotherm and
universal gas constant respectively.
f glass samples N–Ce and N–Gd. Lines are obtained by linear ﬁtting of the data.
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Table  4
Activation energy of crystallization of the glasses evaluated by different models.
Model Activation energy (kJ/mol)
N–Ce N–Nd N–Sm N–Gd
Kissinger 323 337 366 474
(
(
3
v
0
a
S
s
c
o
bAugis–Bennett 332 347 379 484
Ozawa 342 357 389 493
iii) Augis–Bennett model
The activation energy of the glasses is calculated applying
Augis–Bennett model which is based on the following equa-
tion,
ln
(
˛
Tc
)
= −Ec
RTc
+ constant (7)
where the symbols have usual meaning.
iv) Ozawa model
In addition to Kissinger and Augis–Bennett model the activa-
tion energy of the glasses are calculated applying Ozawa model
also. This model is based on the following equation,
ln  ˛ = −Ec
RTc
+ constant (8)
where the symbols have usual meaning. According to Eqs.
(6)–(8) the plots for sample N–Ce and N–Gd are shown in Fig. 8.
The lines are obtained by the method of linear ﬁtting. The cor-
relation coefﬁcients of the ﬁt are very close to 1 which suggests
the data are in good agreement with linear ﬁtting. The activa-
tion energy is calculated from the slope (−Ec/R) of the least
square best ﬁt line constructed through the points using the
above models and are given in Table 4. It may  be noticed that
the activation energy is increasing from sample N–Ce to N–Gd
according to all the three models. This variation in Ec may  be
due to the increasing cationic ﬁeld strength of the rare earth
ions and hence the gathering effect of the ions which restrict
the structural rearrangement in the glass matrix upon heating
ultimately hindering the progress of crystallization. Due to this
increasing activation energy the extent of crystallization has
also decreased from N–Ce to N–Gd considerably as revealed in
the X-ray diffraction studies. Thus with incorporation of rare
earth ions of increasing ﬁeld strength the activation energy of
crystallization increases and hence the extent of crystalliza-
tion decreases. However the X-ray diffraction analysis of all
the heat treated glasses conﬁrms the formation of different sil-
icate phases. These phases are formed due to the different types
of silica ring ( Si O Si ) orientation in the glass matrix and
the bond energy required for each orientation of Si O bond
is different. The single bond strength of the bonds present in
these crystals is Ca O (134 kJ/mol), Sr O (134 kJ/mol), Zn O
(151 kJ/mol), Si O (445 kJ/mol) [47]. The estimated activation
energies are closer to the single bond strength of Si O bond
(445 kJ/mol). These correlations support the formation of the
various silicate crystalline phases.
.7. XPS study
XPS was carried out to identify the chemical composition and
alence state of the rare earth elements. Survey spectra in the
–1200 eV range taken from the freshly fractured sample surfaces
re shown in Fig. 9. Besides the expected Si, O, Sr, Ca, Zn, Ce, Nd,
m and Gd peaks, a C 1s peak was observed in all the examined
amples. This carbon peak has come due to the adsorption of hydro-
arbon impurities [48]. This peak does not affect the interpretation
f results and, in fact, it was  used for binding energy (BE) calibration
y setting its BE at 285 eV in order to correct the sample charging.Fig. 9. The XPS survey spectra of all the precursor glass samples.
The increase of the cationic ﬁeld strength of the incorporated ions
causes no modiﬁcations in the XPS spectra of the glasses.
XPS spectra for the Ce 3d, Nd 3d, Sm 3d and Gd 4d core level
photoelectrons were obtained in order to determine accurately
the BE and the splitting energy and are shown in Fig. 10(a)–(d)
respectively. These XPS spectra present the spin–orbit splitting. The
electronic state is split into two states by the spin–orbit coupling
because the magnetic moments due to electron spin and orbital
motion may  either reinforce or oppose each other. Thus, two  peaks
with different binding energies occur in the XPS spectra in place
of a single peak. Fig. 10(a) shows the Ce 3d core level spectrum in
the region 860–940 eV. From the spectrum, it is shown that both
3+ and 4+ valence states of cerium are present. The main intense
peak of Ce3+ 3d3/2 and Ce3+ 3d5/2 are located at a binding energy of
901.5 and 885.2 eV respectively. The other two peaks for Ce3+ 3d5/2
are shown at binding energies of 882.9 eV, 904.1 eV and one peak
for Ce4+ 3d5/2 is shown at binding energy of 899.8 eV. Fig. 10(b)
shows the Nd 3d core level spectrum in the region 950–1040 eV.
Due to the spin–orbit coupling effect the 3d state has split into two
states with BE values of 982.72 eV for the 3d5/2 state and 1005 eV for
the 3d3/2 state, respectively. Fig. 10(c) shows the Sm 3d core level
spectrum in the region 1060–1140 eV. The 3d5/2 and 3d3/2 state are
shown at the BE values of 1083.13 eV and 1110.14 eV respectively.
The Gd 4d emission is split into the two spin–orbit components,
4d5/2 and 4d3/2with peak centers at 142.6 and 148.03 eV respec-
tively as shown in Fig. 10(d). There may  be some multiplet splitting
superimposed since the 4d3/2 peak is broader than the 4d5/2 peak.
These spectra are fully consistent with the previous results by oth-
ers [49–52]. The Gd 3d core level that splits into 3d5/2 and 3d3/2
at the BE of 1189.6 and 1221.9 eV cannot be studied due to limita-
tion of the instrument. So the characteristic BE value corresponding
to their 3d core level is increasing from Ce to Gd with reduction
in ionic radii and increase in their ﬁeld strength. It is well known
that the rare earth compounds having unpaired electron can give
rise to an extra satellite peak due to photoelectron energy gain and
photoelectron energy loss. Since all the ions Nd3+ (4f3), Sm3+ (4f5)
and Gd3+ (4f7) have one unpaired electron; the unassigned peaks
in the spectra may  be deﬁned as the satellite peaks raised due to
additional electronic transitions of these electrons. Dimitrov and
Komatsu have proposed a classiﬁcation of the simple oxides based
on the correlation existing between the electronic polarizability
and the binding energy of the oxygen ions [53]. They have estab-
lished that the O 1s electrons binding energy of different oxides
varies in the 528.0–533.5 eV range and its value corresponds to the
different degrees of ionicity in the metal ion oxygen bonds. The
simple oxides have been categorized into three groups: (i) semi
covalent oxides with the O 1s BE in the 530.5–533.0 eV range; (ii)
normal ionic oxides with the O 1s BE at 530 ± 0.4 eV; (iii) very ionic
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ple N–Gd. Accordingly the hardness for heat treated sample N–Ce
has decreased considerably whereas it is less for other samples.
It may  be noticed that sample N–Gd possess the highest hardnessFig. 10. The XPS core level spectra in the respective precu
xides with the O 1s BE in the 529.5–528.0 eV range. The O 1s BE
f the glasses N–Ce, N–Nd, N–Sm and N–Gd is found to be 530.00,
29.25, 530.76 and 530.05 eV respectively from the survey spectra
f the precursor glasses (Fig. 9). Thus according to this approach
he SCZBS glasses studied here could be considered as semicova-
ent compounds. Therefore the XPS studies of the glasses conﬁrmed
heir chemical composition and revealed the spin–orbit splitting
nd the characteristic binding energies of the incorporated rare
arth elements.
.8. Mechanical properties
In order to estimate their mechanical reliability for SOFC appli-
ation the micro hardness of the sealants should be investigated
54]. The Knoop micro hardness of the precursor and heat treated
lasses has been determined applying 50 gf load and the variation
f hardness with ionic radii is represented in Fig. 11. For each sam-
le the hardness value is determined by calculating the average
f 10 indentations taken with a spacing of 150 m.  The hardness
alue is found to increase from 6.03 to 6.28 GPa for precursor glass
–Ce to N–Gd and from 3.95 to 6.15 GPa for the respective heat
reated samples. So it is observed that hardness is increasing with
he decreasing ionic radii or increasing cationic ﬁeld strength of the
are earth ions for sample N–Ce to N–Gd. Micro-hardness expresses
he stress required to eliminate the free volume (i.e. deformation of
he network) of the glass. The increase in the micro-hardness indi-
ates the increase in the rigidity of glass [55]. Hence the increase
n hardness found in case of the glasses N–Ce to N–Gd may  be
ttributed to increase in their rigidity with decrease in the free
olume in the glass matrix due to increase in the cationic ﬁeld
trength of the incorporated ions. Consequently it requires more
tress to deform the more rigid glass matrix. Therefore the hard-
ess value determined for the glass incorporated with high cationiclass samples (a) N–Ce, (b) N–Nd, (c) N–Sm and (d) N–Gd.
ﬁeld strength ion is higher. However the hardness values for the
heat treated glasses are determined to be less than their precur-
sors. Heydari et al. had explained that the growth of crystalline
phase increases the amount of defects which reduces the micro
hardness of specimens [56]. The growth of crystalline phase in the
heat treated glasses is clearly shown in the X-ray diffractograms
as well as the FESEM photomicrographs in Figs. 5 and 6 respec-
tively. The matrix of sample N–Ce is showing particulate crystals
whereas the extent of crystallization gradually decreases up to sam-Fig. 11. Variation of hardness of the glasses and the glasses heat treated at 880 ◦C
for  2 h as a function of the ionic radius of the rare earths added in glass. Inset picture
is  showing representative indentation impression.
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alue among all the samples studied here. So this glass may  be con-
idered as the most promising glass for structural integrity of SOFC
tack.
. Conclusions
The effect of rare earth oxides CeO2, Nd2O3, Sm2O3 and Gd2O3
n the thermal, structural, mechanical and microstructural prop-
rties of SrO–CaO–ZnO–B2O3–SiO2 (SCZBS) glass system has been
nvestigated in order to establish their applicability as sealants in
olid oxide fuel cell. The salient features are as follows:
The characteristic temperatures viz. Tg, Td and Tc increased with
increasing cationic ﬁeld strength of the rare earth ions Ce3+, Nd3+,
Sm3+ and Gd3+ whereas the CTE of the glasses decreased.
Density and RI both followed an increasing tendency due to
rare earth ion occupancy in free volume of the glass network
and increase in electron density of these ions due to increasing
cationic ﬁeld strength or decreasing ionic radii of these ions.
Decrease in crystallization peak intensity and increase in crys-
tallization activation energy indicates a restricted structural
arrangement in the heat treated glasses due to increase in cationic
ﬁeld strength and hence the bond strength of the bond between
the rare earth element and oxygen. FESEM photomicrographs
also revealed the decrease in extent of crystallization in the heat
treated glasses from N–Ce to N–Gd.
FTIR spectra of the glasses and heat treated glasses con-
ﬁrmed presence of Q2 silicon polymerization units with two
non-bridging oxygens. The increase in intensity of the peak cor-
responding to the NBOs implies that the rare earth oxides play
the role of modiﬁer in the SCZBS glass system.
XPS study conﬁrmed the chemical composition of the glasses,
presence of both 3+ and 4+ cerium ions and revealed the charac-
teristic BE values for the rare earth elements from their core level
studies.
The Knoop hardness of both the glasses and heat treated glasses
increased from N–Ce to N–Gd due to increase in rigidity of the
glass matrix.
Considering the highest CTE, density and hardness value along
ith the slowest rate of crystallization it is logical to conclude that
he glass containing Gd2O3 is the most promising sealant for SOFC
mong the family of glasses studied here.
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